nodes. All nerves in the hepatic plexus were sectioned. An area of the portal vein between its confluences with the splenic and anterior pancreaticoduodenal veins was also cleared.
Heparin sodium was administered at an initial dose of 20 mg/kg iv followed by Io-mg/kg doses every 30 min thereafter.
The common hepatic artery was ligated and a polyethylene cannula (PE 320) inserted toward the liver. This was connected to an extracorporeal circuit, including a probe for measurement of blood flow (F& and a side branch for lateral pressure (PnA) as shown in Fig. I . Blood was supplied to the extracorporeal circuit through a cannula in the common hepatic artery directed toward the celiac axis. Pressure perfusing the hepatic arterial system was controlled by an adjustable clamp, Cl (Fig. I: ) . Arterial blood flow was measured by a Medicon K-2000 electromagnetic flowmeter and pressure by a Statham P 23 BG transducer.
All recording was done on an Offner type R dynograph.
To determine hepatic venous outflow pressure, a catheter (PE 360) was inserted centrally through a femoral vein until its tip rested in the inferior vena cava at the level of the hepatic vein orifices. Intrahepatic portal venous pressure was measured by a polyethylene tube (PE 260 or 280) inserted into the portal vein by way of the anterior pancreaticoduodenal vein, the tip of the catheter coming to rest free at 1-2 cm within the hilum of the liver (see Fig. I> was verified by dissection at the conclusion of the experiment.
The portal venous flow circuit shown in Fig. I (PV,) was measured by way of the catheter lumen opening above the balloon. Inferior vena cava pressure at the level of the hepatic vein orifices (PV,) was measured by way of the catheter lumen opening at the tip or from a lateral connection with the outflow tubing. Reservoir RI was equipped with a magnetic stirrer (MS) while temperature was maintained at 37 C by a silicone-rubber-coated heater (H) l Blood was pumped from RI by means of a Sigmamotor pump (P), into an upper reservoir (Rg), from which it was returned to the animal by way of a cannula in the right jugular vein (RJV). Th is reservoir was designed with an overflow outlet (0), the effluent from which was returned to R1, The system was primed with freshly drawn heparinized dog blood from a donor animal. Hepatic venous outflow
was measured with a stopwatch and graduated cylinder. In these studies the hepatic arterial and portal venous circuits remained essentially as described previously.
Venous return to the heart was adjusted by clamp Cz on the outlet tubing from Rz. The hydrostatic pressure in this system was maintained at the level of the overflow 0 by pump P. Pressure-flow studies on the hepatic arterial system alone were done in 47 preparations.
As hepatic artery perfusion pressure was progressively reduced, there was an accompanying reduction of arterial inflow. However, arterial resistance decreased as hepatic artery pressure was reduced (autoregulation) in about 60 % of these experiments (27 preparations).
The relationship of flow and resistance to hepatic artery pressure in autoregulating preparations is given in Fig. 3 In zo of 47 preparations with portal flow intact no evidence of autoregulation was seen. These preparations had initial values of pressure, flow, and resistance which did not significantly differ from those found in the autoregulating preparations described above. However, resistance increased as hepatic artery pressure was decreased over its entire range. Data from this group of experiments are given in Fig. 4 (solid lines) . A ST-mm Hg (69 %) reduction in pressure produced a 4g % increase in resistance.
Hepatic artery pressure-flow studies were repeated in 32 of the 47 preparations after total shunting of portal venous flow. Of these, I I (34 %) showed autoregulation. The relationship of flow and resistance to hepatic artery pressure in the I x experiments is shown in Fig. 3 &taZ vein j7020-pressure relationsh$s. In I 1 preparations, portal vein flow-pressure studies were performed with hepatic artery flow intact (see Fig. 6 , solid lines). The mean initial portal vein flow was go 91 30 (SD) ml/min per IOO g at a portal pressure of 6.2 III I 2 (SD) mm Hg. When portal inflow was reduced to 30 ml/min per IOO g, the pressure fell to 4.5 mm Hg while resistance rose by 129 %. When hepatic artery inflow to the liver was occluded, portal venous pressure and resistance were slightly lower but the pattern was similar (see Fig. 6 , broken lines).
Effect of portal vein &.o and pressure on the hefiatic artery. Portal inflow was decreased in a graded fashion while hepatic artery pressure and flow were measured. As portal vein flow and pressure were reduced, hepatic artery resistance decreased, as reflected in reduced perfusion pressure and increased arterial inflow. Data are presented in Fig. 7 showing the relationship of hepatic artery pressure (Pa*), flow (FHA), and resistance (RHA) to portal vein inflow (FpV) The minimum resistance following a 1 -min arterial occlusion was 2.22 mm Hg/ml per min per xoo g, representing a decrease of 1.66 from the initial value. In the absence of portal venous flow the minimum postocclusion arterial resistance was I -83 mm Hg/ml per min per xoo g, a decrease of 0.54~ The record-reprOduced in Fig. 8 shows the response to a I-min arterial occlusion before and during shunting of portal flow.
The experiments described above reveal some of the quantitative interrelationships between the portal and arterial circuits They do not, however, reveal the mechanism responsible for these effects. Artery pressure remained unchanged or increased whereas inflow was reduced, resulting in an increase in hepatic artery resistance as hepatic venous pressure was elevated.
The increase in perfusion pressure usually seen was very likely related to a decreased pressure drop in the arterial perfusion circuit, since the accompanying changes in systemic arterial pressure were slight ( < 5 %). However, after several transient venous pressure elevations over a period of 30-60 min, these animals began to fail, thus limiting the number of observations that could be made. Figure  g shows the response of hepatic artery pressure (PHS), -flow (&hJ, and resistance (RHA), as hepatic venous pressure (P& was elevated stepwise from -I to I I mm Hg. In this series of experiments, a I:!-mm Hg rise in hepatic venous pressure resulted in a 1.85-mm Hg/mZ per min per I00 g ( 43 7 ) o increase in resistance to hepatic artery flow. The results were qualitatively the same in all seven experiments.
By contrast, portal venous resistance decreased in a graded fashion until pressure reached approximately 'IO mm Hg, as shown in Fig. IO . In some cases when outflow venous pressure was further elevated, portal resistance tended to increase, perhaps reflecting increased tissue pressure. In the group of seven experiments described above, elevation of hepatic venous pressure from -I to I I mm Hg decreased portal inflow by 26 %. The portal inflow pressure was increased by approximately 7.5 mm Hg; however, portal venous resistance decreased by 25 70. At hepatic venous pressures below 5-6 mm Hg, changes in portal pressure were less than one-half the hepatic venous pressure change. Over the higher venous pressure range (ca, 5-10 mm Hg), the increments in portal and hepatic venous pressure were nearly equal, and there was little further decrease in portal resistance, as the venous vasculature apparently approached maximum distention.
DISCUSSION
Autoregulaiion of he$~tic artery blood flow. The behavior of the hepatic arterial vasculature in our preparations was qualitatively similar to that reported in other pressureflow studies on the dog liver. However, the frequency of occurrence and intensity of autoregulation were considerably less when compared with the work of Torrance (2 I) in a preparation which was similar except for the insertion of a Sigmamotor pump in the arterial perfusion circuit.
Although autoregulation was occasionally seen in our preparations at pressures as low as 20-30 mm Hg, it was most evident at pressures above 80 mm Hg. Owing to the nature of the autoperfusion technique used, the hepatic artery perfusion pressure was limited by the systemic arterial pressure of the dog and the resistance of the perfusion circuit. The average pressure range of autoregulation was from go to 30 mm Hg, as compared with 160-60 mm Hg in the series of experiments reported by Torrance (2 I ). Extension of the pressure-flow observations into the upper pressure range with the use of a perfusion pump may account for the greater frequency (23 of 25 experiments) and intensity (63 % reduction in pressure resulting in a 60 % decrease in resistance) of autoregulation which Torrance reported. Elevated h&c venous pressure+ It is evident that hepatic artery resistance is much more responsive to changes in venous pressure than it is to arterial perfusion pressure. A 72-mm Hg change in hepatic artery pressure produced a I .oo mm Hg/ml per min per I oo g change in resistance, whereas a hepatic venous pressure change of only 6.5 mm Hg was required to produce the same resistance change. Thus, the arterial vessels are over I z times more sensitive to venous pressure change. Similar results have been found in the dog intestine (I 3, I 4)* The resistance response to venous pressure elevation in the intestine was nine times greater than the response to arterial pressure. Elevation of hepatic venous pressure reduced portal resistance until venous pressure reached about g or IO K, M. HANSON AND P. C. JOHNSON responses less marked and considerably slower in their onset when the hepatic artery nerve plexus was left intact. Also using noncannulating electromagnetic flow probes, Schenk et al. (18) have found an average 30 % increase in flow in the hepatic artery following surgical diversion of portal flow in a series of IO dogs. They also observed the response in three human subjects following brief occlusion of portal inflow during surgery.
The phenomenonof reciprocity of hepatic artery flow appears to be a local response of the liver vasculature which is not dependent upon the innervation of the liver (2, 6, I 1, I 7). Several speculations have been made concerning possible mechanisms. Volumetric encroachment of the portal venules on the arterial vessels has been suggested, although no evidence has been given in support of this (I 7). Direct vascular communication between the two systems has also been cited as the pathway involved in the response of hepatic artery flow to changes in portal venous perfusion (I 7).
Bauer and co-workers (2) speculated that the effect of the portal circulation on the hepatic artery is by way of pressures in the lobular sinusoids. The pressure gradi ent in the arterial resistance vessels would conceivably be influenced to a great extent by pressure in the sinusoids. This concept as a mechanism in the control of hepatic artery flow will be discussed further in the following section. mm Hg, after which it stabilized, and in a few instances tended to rise. Brauer, Holloway, and Leong (3) found that in the isolated rat liver, perfused by the portal vein only, elevation of outflow venous pressure produced increased resistance to portal flow. There was marked distention and congestion of the liver with transudation at the serosal surface. In our preparations gross evidence of such severe congestion was seldom observed. Comparable increases in venous pressure were accompanied by decreased resistance to portal flow. The effects seen in the rat liver preparations most likely represent tissue pressure influences.
Interaction of the portal zwnous and the hepatic arterial sysfems (reciproc;tr of jIow>, Burton-Opitz however, no quantitative data were given. Sancetta (I 7) f ound that in the dog acute portal ligation without shunting produced an immediate increase in hepatic artery flow followed by a decrease due to pooling of blood in the intestinal bed. Section of the hepatic nerve plexus had no effect on the initial increase in arterial flow. Cohn and Kountz (6) have observed reciprocity of hepatic artery flow in anesthetized dogs using noncannulating electromagnetic flow probes on the two vessels. Generally, they found hepatic artery Mechanism of hepatic arterial autoregulation. Intuitively, it seems that the primary significance of autoregulation as a homeostatic mechanism would be to maintain a relatively constant nutrient blood flow, despite alterations in the pressure gradient. This is likely true in those organs where the autoregulatory response is believ .ed to be nediated principally by way of metabolic mechanisms; skeletal muscle (12, IS>, heart (8), and brain (I 6). The metabolic hypothesis accounts for autoregulation on the basis of accumulation and washout of locally produced vasodilator substances. Therefore, it is a flowdependent mechanism. When venous pressure is increased, this hypothesis requires that the resulting decrease in flow cause a reduction in vascular resistance, which does, in fact, occur in skeletal muscle (15)~ However, elevating hepatic venous pressure increased hepatic artery resistance which is contrary to expectations if a flow-dependent mechanism were dominant. In this respect, the liver more closely resembles the intestine (I 3, 14) and kidney (I g) where venous pressure elevation increases resistance.
An increase in capillary pressure produced by elevation of either arterial or venous pressure will lead to increased capillary filtration and fluid accumulation in the extravascular space. If tissue hydrostatic pressure increases significantly as a result, this could produce an increased resistance to blood flow. The results of the present study indicate that in our dog liver preparations tissue pressure factors did not play a significant role in the autoregulation of hepatic artery flow. If the resistance changes in autoregulation were due to extravascular pressure, then one would expect a relatively greater effect on the portal venous system, since it is composed of thin-walled elements. However, portal venous resistance was decreased by only I o % when hepatic arterial pressure was reduced, as compared to 28 % reduction in arterial resistance. Moreover, in those preparations which did not exhibit arterial autoregulation, reduction of hepatic artery pressure produced the same I o % reduction of portal resistance. By the same token, if the increase in arterial resistance seen when hepatic venous pressure was elevated were due to the influence of increased tissue pressure, one would expect portal venous resistance to increase also. However, this was not the case; portal venous resistance decreased except in a few cases when venous pressure was raised above IO mm Hg.
Therefore, it appears that tissue pressure can be excluded under normal circumstances as a significant factor in hepatic artery autoregulation.
However, it may be of importance in preparations perfused at arterial pressures above 200 mm Hg (9) and possibly in some instances when hepatic venous pressure is high (above I o mm Hg). It may have been the cause of autoregulation in a recent study on the isolated perfused calf liver, where the blood was diluted with Ringer solution, and the arterial and portal venous resistances were both abnormally high (7) m The evidence cited above does not support metabolic or tissue pressure factors as causal agents of major importance in autoregulation of hepatic arterial blood flow. The data do seem consistent with the hypothesis of a myogenic response of the hepatic arterial resistance vessels (terminal arterioles or inlet sphincters) to changes in pressure. This is consistent with the fact that elevation of hepatic venous pressure increased hepatic artery resistance while resistance to flow in the portal venous circuit decreased. Pressure in the terminal portions of the hepatic arterioles is probably influenced far more by pressure changes in the sinusoids than by changes in hepatic artery pressure. It follows then that the myogenic reactions of the terminal arterioles would be more greatly influenced by hepatic venous pressure and portal venous pressure than by arterial pressure.
Therefore, the effects of portal perfusion on hepatic arterial resistance might also be considered in this context. Portal pressure was the most effective of the three modes of changing intravascular pressure (nearly 45 times more effective on the average than arterial pressure>. A large decrease in portal flow was associated with a relatively small change in portal vein pressure, presumably because of increased resistance in the partially collapsed portal venular bed. It is difficult to estimate what the change in sinusoid pressure might be on the basis of the change in portal inflow pressure. Pressure in the sinusoids would be greatly dependent on portal flow, particularly if hepatic venous resistance remained relatively constant. Thus the change in sinusoid pressure might be greater than the observed change in portal inflow pressure. In any case decreased pressure in the sinusoids and consequently in the terminal hepatic arterioles should elicit a dilatation of the arterial resist- In the liver, reactive hyperemia seems to be affected in the same manner as autoregulation by shunting of portal flow. It is possible that this response is a consequence of the same mechanism. Regulation of portal venous blood~G~. Pressure-flow studies on the portal venous system have generally indicated a passive vascular bed. Portal resistance either did not change or increased as portal perfusion was decreased in isolated dog (I) and rat (4) liver preparations.
However, Condon et al. (7) found autoregulation of portal
